We apply equilibrium and nonequilibrium molecular dynamics simulations to study the dynamic properties of electrolytes in nanopores. The realistic primitive model and the restrictive primitive model widely used in the statistical mechanics of liquid-state theory are applied to model the electrolytes. The electrolytic ions are immersed in water, treated in this work as either a dielectric continuum ignoring the size of solvent molecules or a macroscopic dielectric continuum (polar property) plus neutral soft spheres, and the aqueous electrolyte is put in a confined space. To simulate a condition mimicking closely processes of practical interest and yet maintaining the simulation computationally manageable, we consider an infinitely long and uncharged cylindrical tube. The equilibrium property of the self-diffusion coefficent D and the nonequilibrium property of electric conductivity are computed in terms of electrolyte concentration, particle size, and cylindrical pore radius. The simulation results for the continuum solvent restrictive primitive model and continuum solvent primitive model show normal behavior for D versus pore radius R at ionic concentration 0.1M-i.e., D decreases with decreasing R-display an R independence of D at a certain threshold concentration and undergo an anomalous increase in D with reducing R at a lower value 0.025M. The mechanism of the anomaly at the ionic concentration 0.025M was sought for and interpreted in this work to arise from the energetic and entropic factors. Our simulated data of at this same concentration follow the same trend as D. To delve further into the transport properties, we perform simulation studies for the discrete solvent primitive model and make a detailed analysis of the characteristic of the ion radial density functions. Comparison of the latter functions with those in the continuum solvent primitive model sheds light on the simulated diffusion coefficient within the context of discrete solvent primitive model which is about two orders of magnitude less. This difference in D is naturally attributed to the solvent effect. Similar disparities were reported by others for the discrete and continuum restrictive primitive models.
I. INTRODUCTION
Electrolytes in a confined space, nanopores in particular, resemble many physical systems encountered in our daily life. Recently, studies of this spatially restricted system have attracted a great deal of attention, both experimentally and theoretically. One possible impetus for the intensified research activities may be due to the marvellous discovery of the crystal structure of bacterial potassium channels [1] . The latter can serve as a prototype example in studies of the structures of voltage-gated channels. In this regard, ion channels belong to one of these many systems. The understanding of ions in a confined geometry in a state of either equilibrium or nonequilibrium is important in biological processes. Well known cases are the numerical studies of biological channels which have demonstrated specific ion selectivity phenomenon, but the same energetic consideration is found to be intact for simulations of ionic flow in the aqueous baths outside the channels. The high rate of ionic transport is thus a distinct feature observed in pores. In the area of material science and a somewhat closely related area, electrochemistry, interest in the properties of confined electrolytes has been directed to finding an optimized performance of fuel cells that depend on Nafion membranes and porous electrodes.
During the past two decades, computer simulations have been used to study the static and dynamic properties of molecules or ions in porous media [2] [3] [4] [5] [6] [7] . These simulation studies are mainly devoted to an understanding of the equilibrium properties of the structures of channels and of the energetic and dynamics of aqueous dilute electrolytes in them. In most simulation studies, such as the electrolytes adsorption, the ions are treated within the primitive model (PM) and the solvent is approximated by a continuum dielectric constant background. The papers of Rivera and Sorenson [8] , Lee and Chan [9] , Boda et al. [10] , and Hribar et al. [11] are a few representatives of these recent works. In addition, simulations of electrolytes in nanopores that aim at a more realistic molecular model of solvent, the so-called discrete solvent restrictive primitive model, have been proposed also. [12, 13] Concurrently, there are other simulation attempts [4] [5] [6] [7] that give proper attention to the behavior of molecules in molecular sieves. Here effort is directed to classify the diffusion modes into normal (or tracer) and single-file diffusions. This kind of simulation studies of molecular diffusion can shed considerable light on the underlying mechanism of phase separation for particles in restricted space [6] . While these simulation works have uncovered such anomalies as the charge non-neutrality [9] , salt exclusion [14] , selective *Corresponding author.
adsorption [12] , attractive double-layer forces [10] , dualmode diffusion [6] , etc., relatively fewer works are reported for the transport properties of confined electrolytes despite the fact that they are of greater industrial importance.
Transport properties of electrolytes in restricted space have been motivated greatly by experiments. Steck and Yeager [15] and Gavach et al. [16] carried out one of the early conductivity experiments in perfluorosulfonic acid membranes by means of an ac impedance method. Lack of a definitive measurement of membrane pore sizes and the poor characterization of the membrane structure have made the interpretation of electric conductivity results extremely difficult. Electrical conductivity measurements with various electrolytes in track-etched mica membranes and the conductance through a single submicrometer diameter pore using a scanning ion-conductance microscope have been reported by Westerman-Clark and Anderson [17] and Hansma et al. [18] , respectively. We should perhaps mention the patch-clamp technique which has been widely applied to determine the current-voltage characteristics of various biological channels in different electrolytic environment [19] . Since the aforementioned techniques are generally difficult for pores of a few nanometers, there remain ambiguities in the interpretation of experimental data obtained. Under this circumstance, the molecular dynamics (MD) method is an indispensable tool for it can stretch into the regime inaccessible to experiments. Lynden-Bell and Rasaiah [20] performed an equilibrium MD simulation for a sample comprising one solute molecule and water molecules in an infinite cylindrical pore with smooth repulsive walls. The solvent is treated there as pointlike molecules (the SPC/E model) and channels of various sizes are assumed uncharged. In the following years, equilibrium MD (EMD) simulations were applied [21, 22] to study more realistic biological ion channels. While it is possible, in principle, to perform a long-time simulation and compare the results with, say, the patch-clamp experimental data, in practice it is still numerically tedious to do long-time MD simulation for atomic channels.
For the study of D and of interest here, we may, however, proceed as follows. First, we apply the EMD simulation to obtain short-time diffusion coefficients. Using the latter, we predict the current in a nonequilibrium situation within the context of the Nernst-Planck theory of ionic flux and determine the ionic conductivity by the Nernst-Einstein theory [23, 24] . Then we carry out a nonequilibrium MD (NEMD) simulation and check the results against the EMDprojected conductivity based on the Nernst-Einstein theory. With this strategy in mind, our plan in this work is to apply the EMD and NEMD simulations to electrolytes and study the mobility of ions in an infinitely long, uncharged cylindrical nanopore within which contains the solvent which is modeled as (i) a continuum dielectric constant ignoring the size of ions and (ii) a continuum dielectric constant simulating the polar property plus a collection of neutral soft spheres reflecting its molecular nature. Differing from our preceding works [13, 25] where we used the restrictive primitive model and fixed the electrolytic concentration at 0.1M, we consider here different sizes for the sodium and chlorine ions (the realistic primitive model) and extend the simulation to lower electrolytic concentrations. The due consideration of size disparity for cations and anions is reminiscent of the normal, single-file, and dual-mode diffusions numerically predicted for a binary adsorbate mixture in AlPO 4 -5. These simulation studies of molecular diffusion were motivated mainly by experiments [5, [26] [27] [28] reported to have observed either normal or single-file diffusion for the single adsorbed species in AlPO 4 − 5 zeolite. These diffusion behaviors were interpreted recently by Sholl and Fichthorn [6] who proposed a generalized geometric criterion. It would be instructive to see the bearing of this criterion against our realistic primitive model. We found that D decreases with decreasing pore radius at ionic concentration 0.1M, displays a near R independence of D at a certain threshold concentration and shows an anomalous increment with decreasing R at concentration 0.025M. The simulated carried out at the electrolytic concentration 0.025M is consistent with this D anomaly. To be explained below, we attribute this anomaly to competitive contributions between the energetic and entropic factors.
II. MOLECULAR DYNAMICS SIMULATION
In this section, we present details of the EMD and NEMD simulations applied to study dynamic properties of electrolytes in confined space.
A. Interparticle potential
In both the equilibrium and nonequilibrium MD simulations, we need, first of all, an interparticle potential function. To construct this function generally and to set up the simulation environment, we proceed as follows. First, the molecular behavior of the solvent is approximated by a system of neutral soft spheres and its polar property, comprising the molecular multipoles and hydrogen bonding, is reflected in the reduction of the interactions between ions by a factor 1/ r where r is a dielectric constant simulating a macroscopic continuum background. We use the primitive model for electrolytic ions, but treat their short-range interaction as soft cores. The ion-ion, ion-solvent, and solvent-solvent interactions are modeled separately by a soft core WeekChandler-Anderson potential given by
where
is the Lennard-Jones (LJ) potential. The or in Eq. (1) denotes anion, cation, or solvent, ⑀ and d are the LJ energy and the soft-sphere diameter parameters of the particle-particle (which can be anion-anion, cation-cation, anion-cation, anion-or cation-solvent, or solvent-solvent), and r min ͑͒ =2 1/6 d is the location of the minimum of the untruncated LJ potential. To account for the long-range Coulomb tail of ions, we correct the soft-core part by the electrostatic interaction in a continuum solvent as
Here q i is the charge of the ith ion and ⑀ 0 is the dielectric permittivity of the vacuum. In this work, we consider two specific cases of interest for the interaction potential. The first case only accounts for the soft-core interactions among ions ignoring those counterparts of the solvent molecules. The total interaction potential is
where ũ soft is u soft with the index or takes on only anions or cations. We refer to Eq. (4) as the continuum solvent approximation. For the second case, the long-range interactions between anions and cations are again given by Eq. (3), but, in addition, the cation-solvent, anion-solvent, and solventsolvent interactions are assumed to take on the same potential form as Eq. (1). Within this so-called discrete solvent primitive model (DSPM), we have
Note that the index or in u soft now runs over the anion, cation, or neutral solvent molecule and in contrast to u C where the or takes on an anion or cation only. Equations (1)-(5) are basic functions to be used in the MD simulation below. To proceed to numerical simulation, we place all the particles inside a cylindrical cell of radius R and length H (Fig. 1) . A periodic boundary condition is applied along the axial direction denoted by z. Now the confinement of particles within the cylindrical cell means that we need to account for the ion/solvent-wall interactions. For an uncharged channel, we use the analytical formula derived previously by Tjatjopoulous et al. [29] In their work Tjatjopoulous et al. considered micropores of a circular as well as a polygonal cross sections. In the present work, only the cylindrical channel is studied. Explicitly, the particle-wall potential is given by
in which
is the shifted LJ-type wall potential. In the above, n w is the reduced surface number density of the wall, d w and ⑀ w are the distance and energy parameters for the particle-wall interaction, r i is the radial distance of the ith particle from the center of the cylinder, r min ͑w͒ is the location of the minimum of the LJ particle-wall potential (unless specified, the word "particle" is hereafter referred to generally as anions, cations, or solvent molecules), and F͑a , b , c ; x͒ is the hypergeometric function. Note that we assume the dielectric properties of the wall and outside are the same as the solvent in appealing to Eq. (6) for the particle-wall interaction. Such a judicious assumption avoids the complication to account for the boundary condition arising from different dielectric media. Given Eqs.
(1)-(6) for the particle interaction potential, both EMD and NEMD simulations can be carried out if the particle LJ parameters are available. In this work, we have adopted the same set of LJ parameters previously used by Spohr [30] and more recently by Crozier et al. [31] to model the electrolyte Na + , Cl − , and water molecules. As for the particle-wall LJ parameters, they are calculated according to the Lorentz-Berthelot rule. [32] We record all these LJ parameters in Table I .
B. Equilibrium MD simulation
We shall use NVT ensemble in our EMD simulation. The system, confined within volume V, consists of N particles, which is the total number of either anions, cations, and solvent molecules for the discrete solvent primitive model or only anions plus cations for the continuum solvent primitive model. These particles are thermally maintained at room temperature, which is technically fixed by the Gaussian ther- mostat [33] . The axial self-diffusion coefficient of the -type species of particles, D , was calculated according to the Einstein formula (dropping the index for particles)
where the brackets ͗¯͘ denote the ensemble average of the mean-square axial displacement of the -type species. Strictly speaking, mutual diffusion coefficients should be considered especially in the DSPM which consists of a mixture of three different species. MacElroy and Suh [34] have proposed a means to compute the diffusion coefficients in a mixture and relate them to individual fluxes. Since the concentration of ions of interest here ͑ഛ0.1M͒ is dilute, we may comfortably apply Eq. (8) only and use it to compute the self-diffusion coefficient of ions. At this point, we should mention several technical details used in the simulation. First, the equations of motion that yield the positions of particles were here solved numerically by the modified Verlet algorithm [35] . Since the particles are restricted to move in an infinite cylindrical cell, the method of the periodic boundary condition along the z axis is imposed. The methodology proposed by Rapaport [36] is sufficient for this purpose. Second, for convenience in simulation, we adopt reduced units. In terms of mass m , distance parameter d , and energy parameter ⑀ , the reduced units are defined for temperature
For convenience in conversion, we give in Table II details of these reduced quantities applied to cases of interest.
C. Nonequilibrium MD simulations
For NEMD, we study the transport property of an electrolyte in a nanotube focusing in particular the electric flow of ions. Instead of using the dual-control-volume grand canonical MD [37] technique supposedly more suit to studying the mobility of ions, here we follow Tang et al. [25] and others [38] , adopting the method of an electric potential gradient. This approach has the advantage of easy implementation and computationally it requires lesser amount of computing time in comparison with the former method. The electric potential gradient method, as the name indicates, amounts to applying (axially) a constant uniform electric field E z to the cylindrical channel. In response to the E z , the anions and cations, on the average, move in opposite directions over a time period. In the course of the motion of ions, a constant ion concentration is maintained in the simulation cell by the axial periodic boundary condition. This method resembles the artificial color current method [39] used in the NEMD simulation of the transport properties of non-Coulombic systems. In calculating the conductivity, the external electric field will generate Ohmic heat. This unavoidable feature will raise the temperature of the system. In this work, we keep a constant temperature by employing the method proposed by Evans and Morris [40] as follows. Writing the induced axial current density as J z , the non-Newtonian equations of motion are
where r i , p i , and F i are the position, momentum, and force vectors of the ith particle, respectively, is the Gaussian thermostat parameter, and 
,z ͔ / V − for the current density of the PM. The detailed functional forms of as well as that of T in the context of Gaussian constraint equation are given in Tang et al. [25] . Finally, the conductivity can be obtained as = lim
In accordance with the reduced units introduced above, the current density, electric field strength, and electric conductivity are given by J z 
III. NUMERICAL RESULTS
We present numerical data for the self-diffusion coefficient and electric conductivity first for the continuum solvent restrictive primitive model (CSRPM) and then for the continuum solvent primitive model (CSPM). The simulation results that emphasize the effects of molecular behavior of water within the DSPM for the same equilibrium quantities are also presented in this section. We begin by pointing out a consequence arising from the ion-wall interaction. For concreteness, we plot in Figs. 2 and 3 the radial density profiles * ͑r͒ = ͓N + ͑r͒ + N − ͑r͔͒d 3 / V of the RPM sodium, = Na, and chlorine, = Cl, respectively. The ionic concentrations defined by c = N + / V = N − / V = 0.025M, 0.05M and 0.1M are considered for each of the RPM systems. These figures reveal two interesting features. The first feature is that the RPM sodium * ͑r͒ confined to the channel of radius R =3d Na-Na at c Na = 0.1M maximizes near the axis of the cylinder and decreases linearly with the radial distance toward the cylindrical wall, whereas for the RPM chlorine at the same R and c Cl , * ͑r͒ minimizes near the cylindrical center and increases linearly with the radial distance toward the wall. For a lower c Ͻ 0.1M, * ͑r͒ varies almost uniformly with the radial distance across the channel. The structure of * ͑r͒ at c = 0.1M is consistent with our previous RPM sodium simulation. To show this, we depict in Fig. 4 the * ͑r͒ at c Na = 0.1M obtained using a different set of Lennard-Jones energy and distance parameters [25] . These * ͑r͒ compare favorably with those given in Fig. 2 . The second feature has something to do with the effect of soft wall. In our model this repulsive force gives rise to an excluded volume, resulting in the physical volume available to cations and anions different from the actual simulation cell. Such a confinement has the consequence of restricting the centers of ions to lie within a region with an effective radius RЈ = R − ␥d where ␥ is a "space-excluding" parameter. In view of this space restriction the actual cell volume available to ions is RЈ 2 H. RЈ 2 is thus the cross-sectional area to be used below for estimating the electric current density. In connection to this geometrical consideration, there is one further remark that we should comment on. In the present MD simulations, the smallest channel radius selected is 8.19 Å (equal 3d NaNa or 1.69d ClCl ). The nominal diameter of the cylinder less of the excluded region (estimated in conjunction with Table IV) is 10.38 ͑11.76͒ Å for the Cl − ͑Na + ͒. This effective channel diameter is larger than any of the characteristic minimum length scales (i.e., twice d given in Table I ) so that an ion (cation or anion) in our model electrolyte can easily pass another (cation or anion) without overlap (similar to the case of adsorbate Ne in Fig. 1(b) of Sholl and Fichthorn [6] ). The implication is that neither sodium nor chlorine ions will show the single-file diffusion.
We now discuss the EMD simulation for D. Before presenting the results, we should make a remark on the numerical procedure used in the simulation. We run for 4 ϫ 10 7 * after an equilibration run of 2 ϫ 10 6 * for the RPM cases ͑Na + ,Na − ͒ and ͑Cl + ,Cl − ͒ and also the PM case ͑Na + ,Cl − ͒. The total number of particles, N (anions plus cations), used is 228. Also, we obtain D in each EMD by averaging the meansquare displacement run over at least 20 different time ori-
FIG. 2. Ionic radial density function Na
* ͑r͒ = ͓N Na +͑r͒ + N Na −͑r͔͒d Na-Na 3 / V, r being the radial distance from the cylindrical axis, for continuum solvent RPM:͑Na + ,Na − ͒ evaluated by taking the time average of 2 ϫ 10 7 * for R / d Na-Na =3 (dotted line), 4 (dotdashed line), 5 (long-dashed line), 10 (short-dashed line), and 15 (solid line) at c Na = 0.1M (top), 0.05M (middle) and 0.025M (bottom). The total number of anions and cations is 228 and d Na-Na = 2.73 Å. Fig. 2 , but for continuum solvent RPM: ͑Cl + ,Cl − ͒.
FIG. 3. Same as

FIG. 4.
Ionic density function Na * ͑r͒ = ͓N Na +͑r͒ + N Na −͑r͔͒d Na-Na 3 / V, r being the radial distance from the cylindrical axis, for continuum solvent RPM:͑Na + ,Na − ͒ at c Na = 0.1M obtained as described in Refs. [25, 38] . Notation used is as follows: solid line, R =15d Na-Na ; short-dashed line, R =10d Na-Na ; long-dashed line R =5d Na-Na ; dotted line, R =3d Na-Na . As for * ͑r͒, we consider in each case three ionic concentrations c ( =Na or Cl): namely, 0.025M, 0.05M and 0.1M. There are three aspects of the simulations that merit emphasis. First, for the RPM:͑Na + ,Na − ͒, the diffusion coefficient constant at c Na = 0.1M increases with increasing (or decreases with decreasing) R, achieves the value D Na Ϸ 2.08ϫ 10 −6 m 2 /s at R = 27.3 Å ( 10d Na-Na ) and approaches D Na Ϸ 2.15 ϫ 10 −6 m 2 / s for R Ͼ 27.3 Å. A spectacular behavior in D Na is that it remains almost independent of R at c Na = 0.05M but at c Na = 0.025M, D Na increases anomalously with radial distance R Շ 13.65 Å Second, for the RPM: The first aspect can be interpreted by resorting to two factors: one factor is the electrostatic interactions among cations, anions and between the two species (energetic factor), and the other factor is the interactions between the ions and the confining wall (entropic factor). At c Na = 0.1M, the former is presumably dominant since at higher concentrations there is a tendency for the ions within small R to be more structured (Figs. 2 and 3 ) and the entropy is therefore decreased. It appears that the ion-wall interactions at c Na = 0.1M would lead to more structuring and this kind of ordering would lead to a decrease in D as R is reduced. As c Na is reduced, we find the Coulombic interactions among cations, anions as well as between them weakened; the repulsive ion-wall interactions, on the other hand, begin to play a more active role in contributing to the Coulombic forces felt by ions (Table III) . This happens in the following manner. As an ith cation or anion at r i moves into the region r i ജ r min ͑w͒ [defined by Eq. (6)], the ion-wall force operates and moves it radially inward to a new position. The tagged ion at r i thus interacts electrostatically with all other ions preferentially those with an opposite polarity. The resulting configuration (an entropic factor) from which the system evolves subsequently must be different from the bulk environment where the influence of confined geometry is absent. Our results of simulations show that such ion-wall interactions increase with decreasing R for all of c (see Table III for numerical evidence). The consequence is that the entropy of the system of cations and anions is enhanced for a smaller R. This scenario can be seen from Figs. 2 and 3 where * ͑r͒ varies uniformly for c = 0.025M and nonuniformly (or linearly) for c = 0.1M. The electrostatic interaction depends on the average distance between ions. For a smaller pore radius, the smaller cross-sectional area leads to a decrease in density in the axial dimension and thus increases the ion-ion distance. This, in general, would lower the electrostatic interaction and is more pronounced at a lower concentration. In fact, the present simulation predicts that D increases anomalously for c Na Ͻ 0.05M and R Ͻ 13.65 Å in the RPM:͑Na + ,Na − ͒ or c Cl Ͻ 0.05M and R Շ 19.44 Å in the RPM:͑Cl + ,Cl − ͒; these behaviors for D , shown in Figs. 7(a) and 8(a) for the RPM and in Figs. 7(b) and 8(b) for the PM, clearly manifest the response of ions in confined space. Coming to the second aspect, this can be explained by the inertia effect and the relatively larger physical size of chlorine. Both properties slow down the motion, but they do not change the basic (Coulomb) interactions among anions, cations, and between them and the wall. In view of the normal behavior of D at c = 0.1M where it decreases with reducing R and the abnormal behavior at c Ͻ 0.05M where D increases with reducing R, we would anticipate the existence of a threshold c at which concentration D is independent of R. When this happens the electrostatic interaction (energetic factor) will just balance the ionwall interaction (entropic factor). Finally, the third aspect can be understood by noticing that the larger anions Cl − in the PM have less room to wander about compared with the smaller anions Na − in the RPM. The opposite situation occurs to cations in the PM (compared with the RPM case) where, now, more space is available to Na + ions instead of Cl + cations in the RPM. The entropic factor is therefore one of the reasons for the decrement (increment) in magnitude of D Na ͑D Cl ͒. The ionic radial density functions given in Figs. 9(a) and 9(b), respectively, for Na + and Cl − in the model electrolyte CSPM further illustrate our proposition. 
gins. We check carefully that this value for
B. Self-diffusion coefficient: Discrete solvent primitive model
Before describing the general characteristics of the DSPM, it may be helpful to recall a relevant work of Lynden-Bell and Rasaiah [20] who reported a similar MD simulation for a system comprising of one solute embedded in point-charge SPC/E solvent molecules. Preparing the single ion (Na + or Cl − ) and the water molecules in an infinitely long cylindrical pore with smooth repulsive walls, Lynden-Bell and Rasaiah studied the radial density distribution of ion (Na + or Cl − ) and solvent molecules as well as the diffusion coefficient of the isolated ion as a function of pore radius. They noticed that the smaller Na + ion tends to occupy the center of the cylinder while the larger Cl − ion is more likely found near the wall. Lynden-Bell and Rasaiah attributed such a difference in the distributions of positive and negative ions to the entropic factor. Since the potential parameters used here (Table I) and by them are essentially the same (except for Cl-O = 3.785 Å, a different form of the ionwall repulsive potential and the treatment of water molecules as point charges), the general behavior presented there for the single-ion properties is a useful contrast to the collective diffusion given here, at least qualitatively.
We now proceed to study the general properties of the DSPM and compare it with the CSPM. Let us first look at the density distribution of ions. For this purpose, we perform a simulation for the DSPM for a total number ͑Na Lynden-Bell and Rasaiah (Fig. 9 in Ref. [20] ), the radial density distribution functions of Na + and Cl − are reversed with the ions of Na + ͑Cl − ͒ distributed closer (farther) from the pore center while those of water molecules prefer to stay near the wall. Note that the number of water molecules used in the present simulation is significantly larger. In comparison with the CSPM, the DSPM radial density functions exhibit structures that are entirely different. The most obvious disparity is the accumulation of ions in the vicinity of the wall. For the DSPM, the density distribution functions of ions display two clear peaks which are located, for pore radius R = 8.19 Å, at r Na + Ϸ 5.11 and 1.66 Å for cations and at r Cl − Ϸ 4.30 and 0.89 Å for anions; for R = 13.65 Å, at r Na + Ϸ 10.53 and 7.16 Å and r Cl − Ϸ 9.71 and 6.97 Å; and for R = 27.3 Å, at r Na + Ϸ 24.2 and 20.8 Å and r Cl − Ϸ 23.4 and 20.4 Å, and they oscillate into the center of the cylinder. The oscillatory profile is relatively stronger in the region near the cylindrical axis for R = 8.19 Å compared with those for R = 13.65 and 27.3 Å. In fact, the * ͑r͒ in the two larger pore radii approach the cylindrical axis with nearly constant density. The regions where the ions are excluded by the ion-wall interaction are given in Table IV in which are included for comparison the corresponding data in the CSPM. Also, it is seen that the * ͑r͒ of solvent particles peaks at positions r water Ϸ 4.91, 10.37, and 24.0 Å, respectively, for pore radii R = 8.19, 13.65, and 27.3 Å, closer to the wall, but lies generally in between those * ͑r͒ of cations and anions. This behavior differs from the simulated * ͑r͒ using the DSRPM [13] and may be attributed to the more realistic DSPM considered in the present simulation work and to the fact that the concentration of electrolyte is lower than that of Tang et al.
[13] ͑c = 0.1M͒. Now, according to the works of Tang et al. [13] and others [41] [42] [43] a localized distribution of ions would lead to a lower value of the local diffusion coefficient, and naturally, the pore-averaged D will also be lower. 
IV. SUMMARY AND CONCLUSION
The EMD and NEMD simulations were performed to study the equilibrium and nonequilibrium properties of a model electrolyte NaCl which is prepared at three electrolytic concentrations-namely, c = 0.1M, 0.05M, and 0.025M-and is confined to an infinitely long, uncharged cylindrical pore. For the EMD simulations, we compare the continuum solvent RPM and PM for the diffusion coefficient as a function of the radius of the cylinder at each ionic concentration. Our simulation results show that it decreases with reducing R at c = 0.1M, shows a weak dependence on R at c = 0.05M, and as c falls down to 0.025M, D decreases initially with R (from 15d to approximately 5d Na-Na or 2.81d Cl-Cl ) and then increases anomalously with further reducing R. Both continuum solvent RPM and PM display these interesting features. The mechanism behind the anomalous change of D with R for different c can be understood qualitatively in this work by looking closely at the Coulombic interactions (energetic factor) between anions and cations and at the role played by the wall in pushing away those ions that "invade" the repulsive region r ജ r w ͑min͒, thereby changing the ionic configuration (entropic factor), which in turn alters the electrostatic coupling among ions. For the NEMD simulations, the simulated electric conductivity at the same c = 0.025M for different R follows the same anomalous pattern as D vs R. In contrast to the CSPM, the diffusion coefficient for the DSPM under the condition of same R and c behaves differently due to increased interactions between ions and solvent molecules. Here, in addition to ions, the solvent molecules interact also with the wall. Since the number of water molecules is significant, an immediate consequence is that the solvent-wall interactions may easily over whelm the ion-wall interactions. The behavior of D is therefore very much influenced by interactions between the ions and the solvent molecules. Normal diffusive motion for the anions and the cations with decreasing R at different c is thus to be anticipated.
